The physical vapor deposition method is an effective way to deposit Al 2 O 3 and Er 2 O 3 on 316L stainless steel substrates acting as tritium permeation barriers in a fusion reactor. The distribution of residual thermal stress is calculated both in Al 2 O 3 and Er 2 O 3 coating systems with planar and rough substrates using finite element analysis. The parameters influencing the thermal stress in the sputter process are analyzed, such as coating and substrate properties, temperature and Young's modulus. This work shows that the thermal stress in Al 2 O 3 and Er 2 O 3 coating systems exhibit a linear relationship with substrate thickness, temperature and Young's modulus. However, this relationship is inversed with coating thickness. In addition, the rough substrate surface can increase the thermal stress in the process of coating deposition. The adhesive strength between the coating and the substrate is evaluated by the shear stress. Due to the higher compressive shear stress, the Al 2 O 3 coating has a better adhesive strength with a 316L stainless steel substrate than the Er 2 O 3 coating. Furthermore, the analysis shows that it is a useful way to improve adhesive strength with increasing interface roughness.
Introduction
The permeation of tritium is one of the problems in a fusion reactor. In order to suppress tritium permeation through the structure materials, some studies have investigated the materials of tritium permeation barriers (TPB), such as Al 2 O 3 [1, 2] , Y 2 O 3 [3, 4] , Cr 2 O 3 [5, 6] , Er 2 O 3 [7, 8] , and TiO 2 [9] , etc. Among these materials, Er 2 O 3 and Al 2 O 3 are widely accepted as promising candidates for the reason of good performance, such as their high permeation reduction factor, excellent corrosion resistance and thermal stability [10, 11] .
The physical vapor deposition (PVD) technique is considered as an effective method to prepare aluminum oxide and erbium oxide coatings [12, 13] . In the process of coating deposition, the residual stress which builds up in the coatingsubstrate system directly influences the coating's hardness, adhesion and fatigue strength etc [14] . Furthermore, residual stress is a stress without external loading and results from intrinsic stress and thermal stress [15, 16] . In the process of sputter deposition, the existence of intrinsic stress comes from the bombardment of high-energy particles and the substrate. Various factors, such as argon pressure, sputtering current, substrate bias etc, influence the energy of bombardment. Then, the energy of bombardment will have an effect on the intrinsic stress [17] . The thermal stress is generated by the disparity of the physical properties between the substrate and coating. Parameters such as Poisson's ratio, thermal conductivity, coefficient of thermal expansion (CTE) mismatch and Young's modulus (E) significantly affect the thermal stress [18, 19] . Although the intrinsic stress is massive in the process of PVD, thermal stress cannot be neglected. When the coating-substrate system cools down from the deposition temperature to room temperature, the differences in CTE of the substrate and coating can generate residual thermal stress. This thermal stress at the interface can translate into shear stress, which may cause the coating to detach and exfoliate. Numerical and experimental results show that detaching and exfoliation are common damage mechanisms in coatingsubstrate systems [20, 21] . However, these effects are hard to quantify in experiments, due to the limited thickness of most PVD coatings. Therefore, it is necessary to find an effective way to quantify the thermal stress for coating preparation. In order to evaluate and optimize the design of the coating, finite element analysis (FEA) has recently served as an attractive method to compute the residual thermal stress and failure in the coating-substrate systems [19, 22] . For instance, Bemporad et al [23] and Zhang et al [24] have investigated the distribution of residual thermal stress in coating-substrate systems. They found that the areas of the interface and edge showed high stress concentrations. Furthermore, the residual thermal stress at the interface was dependent on the coatingto-substrate-thickness ratio. In order to decrease this residual thermal stress, Huan et al [25] and Toparli et al [26] have studied functionally gradient materials as interlayers. The results showed that the residual thermal stress is gradually released from the coating to the substrate. The above research was only concerned with the effect of coatings deposited on perfectly smooth and flat substrate surfaces. The influence of the rough surface of the substrate still needs to be investigated. Sometimes, a rough substrate surface is unavoidable during the process of manufacture. It results in disadvantageous stress concentrations along the interface. On the other hand, there are few studies on the residual thermal stress of the tritium permeation barrier during the process of deposition coating.
The main purpose of this paper is to simulate the thermal stress induced in Al 2 O 3 and Er 2 O 3 coatings on rough surfaces of 316L stainless steel substrates during the cooling process. Furthermore, the relationships between the residual thermal stress and factors such as temperature, coating thickness, Young's modulus and substrate thickness, are investigated. The results can provide guidance for the process of using Al 2 O 3 and Er 2 O 3 coatings as tritium permeation barriers. The analytical model was proposed by Tsui and Clyne. It can be used to predict the residual thermal stress in the process of coatings depositing on the planar geometry [27] . Combining the analytical model with Stoney's equation, a formula for calculating the residual thermal stress in thin coating would be obtained [28] . The formula is presented as, thickness, H is the substrate thickness. n c is Poisson's ratio of the coating and n s is Poisson's ratio of the substrate.
Material properties
The mechanical and thermal properties of the materials (table 1) used in this paper are assumed to be temperature independent. All of the coatings and the substrates are considered as isotropic, liner elastic and homogeneous models without plastic deformation. The effect of each parameter on thermal stress is studied by fixing the three other variables and varying one at the a time. For example, the substrate thickness varies from 100 μm to 500 μm, while deposition temperature 
Finite element analysis
The 3D sample, as shown in figure 1(a), represents a cylindershaped 316L stainless steel substrate with 30 mm diameter, thickness 0.5 mm, and Er 2 O 3 or Al 2 O 3 coating deposited on the smooth surface of 2.2 μm. Due to the axial symmetry, the problem can be considered as two-dimensional and only its X-Y plane needs to be analyzed, as shown in figure 1(b) . The other model, as shown in figures 1(c) and (d), has the same values of substrate, but the surface of the substrate is rough.
This uneven substrate surface can be expressed as a sinusoidal function [34] . The roughness of the coating is basically controlled by the roughness of the substrate, and furthermore, it can be reduced by magnetron sputtering [35] . Hence, we assume this coating surface is approximately flat. The coating thickness of the rough substrate is defined to be the distance from the top surface to the central line of the wave profile, denoted by h, the half wavelength is denoted by L and the amplitude of the substrate surface is denoted by A. In this paper, the coating thickness h is 2.2 μm. The half wavelength L is 12.5 μm and the amplitude of the substrate surface A is 1.2 μm (figure 2). The mesh and boundary conditions are shown in figure 3 . Quadrilateral-shaped elements are used to mesh the models. In order to obtain a relatively accurate stress value around the interface, the mesh density has to be improved. Further refining the current mesh shows little improvement in calculation accuracy. A fixed constraint is imposed on the bottom left corner, where the nodes cannot move in both horizontal and vertical directions. All the other nodes can be removed according to degrees of freedom. Thus, it will provide a closer approximation to reality. The residual thermal stress in the coatin-substrate systems will be produced from the deposition temperature (400°C) decrease down to room temperature (25°C).
Results and discussion

Residual thermal stress
In this section, we discuss the effects of the surface topography of the substrates on the residual thermal stress during the process of depositing Er 2 O 3 and Al 2 O 3 coatings. The Von Mises stress calculated by the finite element method can represent the residual thermal stress in the coating-substrate system [19, 36] . The stress fields, which are generated in the center and edge regions of the models with smooth interfaces, are shown in figures 4 and 5. The maximum thermal stress, which evenly distribute throughout the coatings except for the edge regions, are 966 MPa in the Er 2 O 3 coating-substrate system and 1517 MPa in the Al 2 O 3 coating-substrate system.
The thermal stress generated in the Al 2 O 3 coating-substrate system is larger than that in the Er 2 O 3 coating-substrate system due to the Young's modulus and CTE mismatch. Compared with the results of the stress fields in figures 6 and 7, it is obviously shown that the rough surface of the substrate has significantly influenced the distribution of interface stress. Furthermore, the convex asperities act as stress concentration areas and improve the thermal stress [37] . It is shown in figures 6(a) and 7(a) that the distribution of the maximum stress is close to the center of the models in both the Er 2 O 3 coating system and the Al 2 O 3 coating system. This is because the edge region is more prone to deformation than the center region, which leads to energy release. Moreover, the thermal stress gradually decreases from the peak to the valley along the sine curve. The maximum thermal stresses are 1254 MPa and 2018.4 MPa respectively in the Er 2 O 3 coating system and the Al 2 O 3 coating system combined with the rough surfaces of substrates and have respectively increased by 29.8% and 33%, compared to the smooth surface systems.
Parametric studies
To study the influence of the deposition temperature on the thermal stress in the coating, the temperature varies from 400°C to 700°C, while other parameters are constant. Figures 8(a) and (b) show the change of thermal stress generated in the Er 2 O 3 and Al 2 O 3 coating-substrate systems as a function of the deposition temperature. It is obviously shown that the thermal stress, which is calculated by the finite element method, agrees reasonably well with the combined analytical formulation for the flat substrate.
As shown in figures 8(a) and (b), the thermal stress generated in coating-substrate systems increases in a positive monotonous linear fashion in the process of increasing the deposition temperature. Furthermore, the slopes of the thermal stress generated in the rough substrate systems are significantly larger than those in the smooth substrate systems.
The maximum values of the thermal stress in Er 2 O 3 and Al 2 O 3 coating systems with planar surface substrates are 1732.7 MPa and 2720.9 MPa respectively. Meanwhile, considering the rough surfaces, the maximum values of the thermal stress in the Er 2 O 3 and Al 2 O 3 coating-substrate systems have corresponding values of 2249 MPa and 3733 MPa. The values increase by 28% and 37.2%, respectively. The reason for this is the topography of the substrate surface can influence the thermal expansion properties of the interface, then have an effect on thermal stress in the process of coating deposition. Moreover, the nucleation and growth of deposition atoms on the surface of the substrate are affected by the rough substrate, resulting in an increase of residual thermal stress [38] .
The relationship between coating thickness and thermal stress is shown in figure 9 . The thermal stress in Er 2 O 3 and Al 2 O 3 systems decreases with an increase of coating thickness. This is due to the fact that in a relatively thick coating system, bending strain can lead to significant stress relaxation. Furthermore, the stress reduces in proportion to the bending strain when the system is bent [39] . The bending effect can be ignored for thin coatings with their low stiffness. However, it is obvious that when the coating thickness increases, the occurrence of larger bending curvature can result in considerable stress relaxation. As the coating thickness increases from 1.4 μm to 2.2 μm, the decreased thermal stresses in the planar substrate systems of Er 2 O 3 and Al 2 O 3 are 10.44 MPa and 16.4 MPa respectively, and 92 MPa and 526 MPa for rough surface systems. The results show that, compared with the thermal stress generated in the systems with planar substrates, the change of coating thickness has a greater influence on the thermal stress in rough interface systems.
The effect of the variation of the substrate thickness on thermal stress evolution are shown in figures 10(a) and (b) . The stress calculated by the finite element method for the planar substrate systems is in agreement with the analytical formula. Meanwhile, it is shown that the thermal stress in both the Er 2 O 3 and Al 2 O 3 coatings increase slowly with the increase in the thickness of the substrates. In the coating deposition process, if the substrate is thin, the deformation can easily be generated in the system. It therefore results in relaxation of the thermal stress. However, the bending effect is prevented by the increase of substrate thickness. It can lead to the generation of higher thermal stress in the system with parameters, such as deposition pressure, deposition current and O 2 percentage, can affect the E of the coating. In addition, the porosity of the coating can also influence Young's modulus value, then impact on the thermal stress [40, 41] . It is shown in figures 11(a) and (b) that regardless of whether it is the Er 2 O 3 or Al 2 O 3 coating-substrate system, the value of thermal stress induced by the sinusoidal substrate system is larger than that generated in the planar substrate system. When the E value of Er 2 O 3 varies, the maximum thermal stress values for the flat system is 966 MPa and the sinusoidal surface system is 1254 MPa, which is 29.8% more. Meanwhile, in the Al 2 O 3 -316L stainless steel system, the maximum thermal stress value is 1665.8 MPa for the planar surface and 2306.5 MPa for the rough surface, which is 38.5% more. Therefore, the effect of Young's modulus on the rough substrate system is greater than that on the smooth substrate system. Figures 12(a) and (b) show the distribution of interfacial shear stress in the Er 2 O 3 and Al 2 O 3 systems with planar surfaces. The stress at the interfaces is smooth because of the flat substrate surfaces. Moreover, the compressive shear stress is larger in the Al 2 O 3 system than that in the Er 2 O 3 system. Near the center regions, the values of compressive shear stress are very small and increase linearly in both of these two systems. The compressive shear stress rapidly increases near the edge regions, then result in stress concentration. Figure 13 shows that the stress distribution has significantly changed due to the interface morphology. The maximum tensile shear stress in both Er 2 O 3 and Al 2 O 3 systems is located in front of the valleys of the sine lines, which stand for the roughness of the interfaces. Meanwhile, the maximum compressive shear stress is located in front of the peaks of the interface sine lines. The tensile or compressive shear stress values of the interface between the Al 2 O 3 and 316L stainless steel system are larger than those between the Er 2 O 3 and 316L stainless steel. The failure model depends on the shear stress. However, the compressive shear stress is helpful to improve the adhesive strength of the coating. The adhesive strength between the Al 2 O 3 coating and the 316L stainless steel substrate is higher than the Er 2 O 3 coating and the 316L stainless steel substrate, as a result of the high compressive shear stress. In addition, compared with the results in figures 12 and 13, it shows that, near both the center and edge regions, compressive shear stress increases significantly at the rough interface, then effectively improves the adhesive strength.
Conclusion
Finite element analysis is applied to calculate the thermal stress generated in the Al 2 O 3 and Er 2 O 3 coating-substrate systems. In order to ensure reasonability and feasibility, the FEA outcomes have been compared with analytical models. This shows that the thermal stress values increase with increasing values of other factors, such as deposition temperature, substrate thickness and Young's modulus of the coating. However, with an increase in coating thickness, an inverse relationship is found due to the stress relaxation. In addition, in the process of sputter deposition, the rough topography of the substrate surface can lead to an increase of thermal stress. Shear stress plays a significant role in the adhesive strength between the coating and the substrate. The compressive shear stress is helpful to improve the adhesive strength between the coating and the substrate. Therefore, compared to the Er 2 O 3 coating system, the adhesive strength is higher in the Al 2 O 3 coating system, because of the higher compressive shear stress at the interface which is calculated in the former. Furthermore, the results prove it is a useful way to enhance the adhesive strength by increasing the interface roughness.
